The potential value of ultrahigh field (UHF) magnetic resonance imaging (MRI) and spectroscopy to biomedical research and in clinical applications drives the development of technologies to overcome its many challenges. The increased difficulties of imaging the human torso compared with the head include its overall size, the dimensions and location of its anatomic targets, the increased prevalence and magnitude of physiologic effects, the limited availability of tailored RF coils, and the necessary transmit chain hardware. Tackling these issues involves addressing notoriously inhomogeneous transmit B 1 (B 1 þ ) fields, limitations in peak B 1 þ , larger spatial variations of the static magnetic field B 0 , and patient safety issues related to implants and local RF power deposition. However, as research institutions and vendors continue to innovate, the potential gains are beginning to be realized. Solutions overcoming the unique challenges associated with imaging the human torso are reviewed as are current studies capitalizing on the benefits of UHF in several anatomies and applications. As the field progresses, strategies associated with the RF system architecture, calibration methods, RF pulse optimization, and power monitoring need to be further integrated into the MRI systems making what are currently complex processes more streamlined. Meanwhile, the UHF MRI community must seize the opportunity to build upon what have been so far proof of principle and feasibility studies and begin to further explore the true impact in both research and the clinic.
T he evolution of human torso imaging on ultrahigh field (UHF) (!7 Tesla) magnetic resonance imaging (MRI) scanners has paralleled advances in neuroanatomical and functional imaging. However, there are unique opportunities and challenges that exist in the human torso from the heart to the prostate, which continue to necessitate the development of novel solutions.
Continued developments in acquisition methods, radiofrequency (RF) hardware, and RF management strategies have allowed significant progress to be made in MRI of the human torso at UHF (!7.0 Tesla). Just as in the brain, UHF body imaging has benefitted from the push and pull that exists between technology developments and applications (ie, target driven needs). Continued innovation is necessary to overcome the multiple challenges, which decrease the overall benefits of using these systems both in research and the clinic. The reward for continuous and dedicated efforts on this front will be a highly sensitive tool for biomedical discovery and the potential for improved clinical diagnostics and care.
The most frequently cited advantage of UHF, which both justifies further developing the technology and establishing its safety for human investigations, is the increase in signal-to-noise ratio (SNR), which scales supralinearly with the field strength (ie, SNR $ B 0 1.65 ) 1 and can be realized to be even higher (SNR $ B 0
2
). 2 While acquisition and anatomy-specific relaxation effects need to be accounted for, this underlying increase in SNR plays an important role in the overall benefits expected from increasing field strengths. Other significant UHF advantages include improved parallel imaging performance, 3 increased susceptibility-based contrast for improved anatomic and functional imaging, 3, 4 increased chemical shift dispersion for improved spectroscopic quantification, 5, 6 shifting exchange to faster regimes for improved chemical exchange saturation transfer (CEST) studies, 7 and increased longitudinal relation times for improved noncontrast-enhanced arterial spin-labeling (ASL) perfusion, in-flow angiography, [8] [9] [10] and 4D flow acquisitions. 11, 12 In order to realize these benefits, nontrivial challenges need to be overcome with the most prevalent being the transmit B 1 (B 1 þ ) field heterogeneities, which increase along with the size of the imaging region of interest. As the RF wavelength used in MR approaches or becomes shorter than the dimensions of the object to be imaged, significant B 1 þ field distortions occur that are dependent on tissue electromagnetic properties and geometry. 13, 14 At 7T, the RF wavelength in biological tissues at the Larmor frequency ($300 MHz) is approximately 12 cm on average; this rather short wavelength results in complex and nonuniform transmit profiles in human tissues 15, 16 due to constructive and destructive interferences. 17 In combination with B 1 þ homogeneity issues, challenges related to limitations in peak achievable B 1 þ and concerns of local heating present further issues exacerbated by the geometry and size of the human torso. Addressing these interrelated issues has involved the constant development of RF transmit chain technologies, RF management strategies, and RF coil developments each motivating the other. In contrast to lower field systems, local rather than global power deposition and heating becomes a primary limitation as governed by the International Electrotechnical Commission (IEC) guidelines. 18 Local power deposition is characterized by the specific absorption rate (SAR) given in W/kg averaged over 10 g and is estimated through electromagnetic (EM) simulations of specific RF coils in human body models. RF coil simulations are typically performed as part of a coil validation process, which is often negotiated between a site and their local regulatory agencies. An example of a comprehensive validation procedure has been described by Hoffmann et al. 19 Through the developments of all the interrelated RF technologies, transmit efficiency, homogeneity, and power deposition have been addressed in the applications presented below with further opportunities for improvement moving forward.
Beyond RF-related issues, physiologic confounders are increasingly impactful and become more difficult to manage at UHF in body applications. First, motion in the torso directly competes with the goal of exploiting SNR advantages to obtain higher resolution data. Second, the linear scaling of susceptibility effects with field strength, which is beneficial in some areas such as functional MRI (fMRI), becomes a challenging issue when considering larger scale, motioninduced, temporally varying static field inhomogeneities. 20 Third, common strategies for triggering and gating are compromised at UHF. Field strength dependent magnetohydrodynamic (MHD) effects obscure the T-wave used in standard cardiac triggering 21 and standard navigator strategies can be hindered by the same RF inhomogeneities impacting image contrast. 11, 12, 22 Motivated by the promise of UHF to accelerate discoveries in brain science, several preclinical and human UHF MRI systems were designed and constructed, including the first whole body 7T system installed in 1999 at the Center for Magnetic Resonance Research at the University of Minnesota. This passively shielded scanner inspired subsequent commercial efforts. While fMRI was mission number one for this scanner, imaging of the human torso was also performed. 23 From this point forward, and with increased availability of 7T systems from major manufacturers, UHF body imaging efforts have steadily grown.
Previously, several thorough reviews have detailed the challenges and opportunities of UHF torso imaging in general for the whole body [24] [25] [26] as well as more focused reviews on UHF cardiovascular [27] [28] [29] and renal applications. 8 As the field is quite broad, this review will not attempt to embody all UHF studies and developments below the neck. Notable exceptions include multinuclear applications, breast imaging, and musculoskeletal applications. It is our intention to provide a more historical perspective on torso imaging developments and how the interplay between technology developments and applications have helped the field grow and reveals the new opportunities and challenges that lay ahead.
TRANSMIT ELECTROMAGNETIC FIELDS: HARDWARE
For proton ( 1 H) imaging and spectroscopy, managing limitations in peak B 1 þ , B 1 þ homogeneity and peak local SAR have driven critical advances in RF coils, transmit chain architectures, RF shimming strategies, RF pulse design, and acquisition methods necessary for UHF body imaging. Some of these critical developments are detailed below focusing on those relevant to the anatomy specific sections that follow.
Radiofrequency (RF) Coils
Initial body imaging studies demonstrated on the 4T systems were performed using a transverse electromagnetic (TEM) resonator driven by a single 8 kW RF amplifier for transmit and local receiver arrays for receive. 30 This type of whole-body RF transmitter and local receive configuration was similar to the clinical setups at 1.5T and 3.0T during the same time period. The TEM resonator was driven through 4 ports, which foreshadowed the later adoption of multichannel transmit on clinical 3T systems. 31 While similar whole-body transmitters 23, 32 with local receive arrays 33, 34 were originally explored for 7T, the ability to generate the B 1 þ necessary for many standard imaging sequences was not possible due to limitations in the transmit chain coupled with poor transmit efficiency of the systems. Despite these challenges, new strategies for exploring the potential of integrated whole body 1 H transmit RF coils continue. 35, 36 In the absence of a viable whole body proton transmitter solution, the work-horse RF coils for most UHF body imaging applications have been local transmit and receive (ie, transceiver) arrays. [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] The first arrays were larger scale versions of those successfully implemented for imaging the human head. 47 These close-fitting transceiver arrays, developed both independently and in collaborations by several groups, illustrate the variety of attempts that have been conducted, using different geometries and resonant structures with a continuing goal to improve transmit and/or receive performance. On the receive side, design criteria include improved sensitivity and parallel imaging performance. On the transmit side, the focus has been on decreasing peak local SAR (W/kg) and increasing transmit efficiency (B 1
), and in combination with the RF transmit chain, peak achievable B 1 þ . Recently, several groups have begun to explore and evaluate the addition of separate receive-only elements along with the transmit side technologies for body arrays. 48, 49 Minimizing interferences between receive and transmit elements, maintaining acceptable transmit performance, and developing a robust, practical, and comfortable mechanical housing are among some of the challenges that need to be addressed with this approach.
Parallel Transmit Systems
The RF transmit architecture to drive the transceiver arrays used for proton body imaging impacts the methods that can be used to manage the EM fields in terms of transmit B1 and SAR management through RF shimming and RF pulse design ( 50 and references therein). Initially, multichannel array coils were driven with a single RF power amplifier, which fed into multiple ports or elements using a splitter or feeding network, providing static RF shimming capabilities (by adjusting the relative phase of each transmit channel) to improve field homogeneity. Initial body imaging experiments with this approach were initially shown to be beneficial at 4T 30 ( Fig. 1 ). To expand control over the different elements of the transceiver arrays, parallel transmit (pTx) architectures were conceived and implemented, 51 first on a 9.4T head-only system 52 and later on the first 7T whole body scanner. 23, 32 The increased degrees of freedom afforded by the new pTx functionality was needed as the RF shims required to satisfy the desired transmit profile are dependent on the RF coil, the object loading the coil, and the target of interest. 53 These initial systems used a single waveform generator from the spectrometer, but that waveform was modulated channel-wise by a programmable transmit phase and magnitude (gain) controller as inputs to channel-dependent RF power amplifiers. This first version of pTx system with channel-dependent phase and magnitude control per channel will be referred to as pTx-v1. To supplement the standard power monitoring, additional home-grown channel-dependent monitoring hardware and software were implemented on which coil and target specific time averaged power limits could be set. 54, 55 These initial parallel transmit setups provided the needed flexibility to accomplish a wide range of static RF shimming applications in the body but were still mostly beneficial for smaller and/or targeted regions of interest as detailed below.
More recently, a second version of pTx systems was developed, pTx-v2, and have been integrated into commercial UHF scanners where each transmit channel has its own synthesizer therefore permitting channel-dependent waveforms. 53, 56 This hardware further increases the degrees of freedom available for RF shimming. The pTx-v2 systems permit dynamic RF shimming, which is differentiated from static RF shimming by the ability to modify channel specific phase and magnitude during the RF pulse at a much smaller time scale than pTx-v1 systems. To complete such systems, advanced power monitoring is typically implemented allowing real-time channel-specific complex recording of forward and reflected power permitting the real-time prediction of local SAR through the use of virtual observation points (VOPs) assuming that appropriate EM simulations had been performed for the given coil and anatomy.
RF MANAGEMENT STRATEGIES

Static RF Shimming
Multichannel transmit arrays driven by systems with pTx RF architectures have enabled applications in targeted regions in both head 17, 58 and body 59, 60 by employing channel-dependent magnitude and phase RF shimming. Along with the transmit coil, the optimization strategy of choice depends on the target region's size, geometric complexity, and location. While initially performed on a single transmit system, the methods and benefits of static RF shimming were demonstrated in the body in 2008 with an 8-channel stripline transceiver array coil at 7T in the prostate. 59 The calibration methods needed for a majority of static RF shimming included tools to measure the relative complex B 1 þ from each transmit element in the transceiver array. 17, 61 This method uses a low flip angle approximation to allow the robust estimation of each transmit channels spatially varying relative magnitude and phase 62, 63 ( Fig. 2A,B) . Initial body studies at 7T required the use of a splitter, manual phase shifters, and cable lengths to implement subject-depending B 1 þ shims optimized for efficiency in the prostate. 59 However, the coil, calibration methods, and optimization strategies were applicable to and highly accelerated on systems with a pTx architecture. 54 One tradeoff that users are always confronted with is the conflicting goals of RF efficiency and RF homogeneity, while a tradeoff solution can be sought between the two, increasing homogeneity necessarily decreases efficiency. 10 This becomes a critical issue as what is best for the sequence in terms of the imaging results or contrast must be balanced against what is practical for the system in terms of peak B 1 þ and what is safe for the subject in terms of power deposition or SAR.
Dynamic RF Shimming
Whereas static RF shimming aims at optimizing a static resultant B 1 þ field obtained by the superposition of channel-specific complex B 1 þ fields, optimized by adjusting complex channel-specific weights, dynamic RF shimming by contrast focuses on the optimization of flip angles through the optimization of channelspecific waveforms in concert with gradient waveforms. As such, dynamic RF shimming provides increased degrees of freedom not only for addressing B 1 þ inhomogeneities but also to minimize the corresponding SAR deposition. The end result is the ability to homogenize flip angles over much larger fields of view not possible with static RF shimming. While it is possible to implement some dynamic RF shimming pulses on pTx-v1 systems such as spoke pulses, the ultimate flexibility arises when pTx-v2 systems are available.
To date, a limited number of dynamic RF shimming studies have been attempted for in vivo human body applications. Examples include the homogeneous imaging of the liver 64 ( Fig. 3 ) and efficient simultaneous multislice cine imaging of the heart 21, 65, 66 . The limited adoption of dynamic pTx functionality is due to a variety of factors. First, there are increased requirements for mapping B 0 and channeldependent B 1 þ for dynamic shimming and pTx pulse design. Second, the theoretical advantages of real-time SAR monitoring to efficiently use the available RF power available have not been realized due to uncertainty in RF coil modeling and the known influence of subjectspecific effects leading to the need for large, conservative safety factors when setting limits on power deposition. 42, 67 Finally, the initial pTx systems have not always been robust enough to allow the rapid development and exploration of the technology, which is being resolved in next-generation systems.
Recently, in order to mitigate the necessity of acquiring extensive multichannel calibration data for dynamic RF shimming for each subject, universal pTx pulses have been proposed. 68 These pulses are pre-trained on a test population and the resultant pulse is used with new subjects without the need to acquire additional calibration data. 68 While demonstrated to be robust for head applications, further investigation is required to understand how applicable similar strategies are in the torso due to anatomical variations between target organs and individuals. In the head, while subject-specific calibrations for k T pulse design demonstrated better normalized root mean-square error of the flip angle profiles, universal k T pulses performed better than CP þ and static RF shimming solutions in multislice gradient echo (GRE) imaging and 3D T1-and T2-weighted acquisitions. 68, 69 Dynamically Applied RF Shim Solutions Some alternatives exist to the static and dynamic RF strategies described above. The first idea capitalizes on the fact that the requirements for each RF pulse in a multipulse sequence may be different. An earlier demonstration of this was in brain spectroscopy where a separate RF shim was used for localization and outer volume suppression. 70 The differences might not only vary between RF shimming requirements but also with respect to the anatomical region over which each RF pulse needs to be optimized. This idea of dynamically applied static RF shimming solutions has been successfully implemented to enable ASL 71, 72 , angiography 10, 22 and 4D flow 11, 12 studies in the human torso. In addition to managing the B 1 þ requirements of the sequences, this strategy has the added FIGURE 1. Preliminary 4T-gated cardiac images were acquired with the TEM body coil transmitter and phased-array receivers. An artifact in the right atrium common to 4T heart images (A) is corrected by RF shimming (B). Images were acquired with a 4-channel, phased-array receiver using an EKG gated gradient-echo sequence (TE 4.3 ms, slice 5 mm, FOV 40 30 cm potential benefit of reducing peak local SAR, as shown in EM simulations; the peak local hot spot relocates anatomically with each solution thus benefitting from the time averaging process used to monitor power deposition (Fig. 4) . When the goal is an image with homogeneous contrast or B 1 þ over larger FOVs, the time interleaved acquisition of modes (TIAMO) technique is highly effective (Fig. 5) . This technique provides improved signal homogeneity without the need for subject-specific RF shimming, by utilizing 2 complementary RF shims interleaved during the acquisition such as circularly polarized (CP þ ) and CP 2þ modes. 73 Reconstruction of the combined data uses the idea of virtual coils in a parallel imaging reconstruction pipeline enabling higher accelerations, which partially compensates for the increased acquisition times required. For larger FOVs, this technique has been shown to provide better B 1 þ homogeneity than a single static RF shimming solution, is relatively SAR efficient while producing the desired contrasts including T2 weighting, 74 and has the possibility of being implemented on single transmit systems. Another promising approach is to embrace the RF field nonuniformity by imaging with freely varying heterogeneous RF fields and employing a dictionary-based image reconstruction algorithm. 76 This so-called plug-and-play MR fingerprinting (PnP-MRF) approach relies on two or more dynamically changing RF excitation patterns to generate sufficient B 1 þ in all parts of the imaging FOV. In reconstruction, tissue relaxation parameters and B 1 þ fields are simultaneously estimated using a dictionary-based approach.
EXOGENOUS CONTRAST AGENTS
Gadiolinium (Gd) based chelates are the most common exogenous contrast agents used in a wide range of MRI applications. Other than perfusion applications using dynamic susceptibility contrast, it is primarily the T1 shortening aspect of the Gd-based contrast agents, which is used with T1-weighted (T1w) imaging. However, as the static magnetic field increases, R1 relaxivity remains relatively stable while R2
Ã relaxivity increases rapidly and nonlinearly with concentration in biological tissues becoming large enough where it no longer can be ignored. 77, 78 (Fig. 6A ). This nonlinear effect is observed in the body, both blood and tissue, as the gadolinium is compartmentalized leading to a field strength dependent susceptibility effect that is not observed in aqueous solution.
For some applications, the increase of native T1s in tissue provides advantages for noncontrast studies including angiography and arterial spin labeled perfusion. The interest in performing noncontrast vascular and perfusion imaging has increased, as the evidence has been presented showing Gadolinium toxicity. [79] [80] [81] [82] While the risk of complications increase with less stable linear compounds, when repeated and/or double doses are given and when subjects present with renal insufficiency, the potential to provide equivalent clinical information without contrast is desirable. Several studies have shown that with the appropriate RF coils, management strategies, and acquisition methods, improved angiography [83] [84] [85] and perfusion results can be achieved in the brain at 7T compared with 3T. Meanwhile, targetspecific applications are detailed for the torso in the sections below.
The increased susceptibility effect of exogenous contrast agents can also be an advantage. For example, a dextran coated ultra-small superparamagnetic iron oxide particle was reintroduced for evaluating the spread of prostate cancer to the lymph nodes. By infusing 24 to 36 hours before imaging, these particles are taken up by macrophages and cause darkening of healthy lymph nodes while nodes with progressive metastatic disease stay bright. 86 By using water and fat selective imaging and TIAMO to mitigate field inhomogeneities, high-resolution images of the abdomen and lymph nodes are possible, taking advantage of increased signal to noise of the background tissue and increased susceptibility contrast of the nanoparticle laden lymph nodes 87 ( Fig. 5 ).
SAFETY Local SAR
The primary safety concern for UHF body imaging is local heating. The common approach adopted by different institutions is to validate EM models of the RF coil via B 1 þ mapping, measurement of the scattering parameter matrix, and temperature measurements to assess local SAR. Then, peak local 10 g averaged SAR in one or more human body models is determined using the validated RF coil model with a variety of shim settings. 39, [44] [45] [46] 48 Finally, worst-case SAR levels or conservative SAR scaling factors are applied to determine . Although the r1 relaxivity for gadolinium contrast agents increases from 3T to 7T (3.2 mM/s for Magnivist), the r2 Ã relaxivity increases dramatically when compartmentalized as in blood and tissue. Nonlinear r2 Ã relaxivity in oxygenated human blood at 3T and 7T (A). At concentrations above 2 mM, a linear relationship relaxivity is observed (68.9 mM/s at 3T and 290.8 mM/s at 7T. Signal characteristics of a T1w GRE sequence (B) with increasing Gd concentration showing rapid signal loss at7T with higher concentrations. Arterial input function and tissue signal intensity curves from a DCE-MRI prostate study (C). Acquired with a multiple-echo acquisition allowed for correction of time intensity curves at the expense of temporal resolution.
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channel-specific power limits used for human imaging. Intersubject variations in body size, shape, and composition can lead to significant differences in simulated SAR in generic body models versus actual SAR in the subject. Alon et al 88 demonstrated that B 1 þ distributions in different samples can be well correlated while significant differences in SAR and temperature rise can occur, therefore solely relying on B 1 þ distributions for coil model validation might lead to errors. Creation of individualized EM models, improvements in real-time power monitoring, and advances in thermal modeling with in vivo validation have the potential to improve the reliability and accuracy of safety evaluations. 67,89 -98 
PROSTATE
Multiparametric MRI of the prostate is playing an increasingly important role in the management of prostate cancer. The core imaging contrasts used in the standard interpretation of prostate MRI as defined by the Prostate Imaging Reporting and Data System (PI-RADS) include T2-weighed anatomic imaging (T2w), diffusionweighted imaging (DWI), and dynamic contrast enhanced MRI (DCE-MRI). 99 However, despite recent advances, the continued development of prostate imaging methods is driven by the desire to noninvasively differentiate men with aggressive disease from indolent disease. Faced with uncertainty, many men with a diagnosis of prostate cancer choose unnecessary treatment at a great cost to the health care system while causing men to suffer from associated comorbidities. The development of acquisition methods and hardware to realize the advantages of UHF drive developments in this area in the hopes of improving disease management. 100 
Target-specific Shimming
The prostate is a relatively small organ with a location in the male pelvis slightly anterior to the midline of the body. As a result of its position and the image contrasts relevant for diagnosis, the peak B 1 þ and peak local SAR are the primary design criteria for RF shimming. First studies in the prostate at 7T using an 8-channel stripline array demonstrated that subject-specific phase-only RF shimming can increase the average B 1 þ and decrease the percent inhomogeneity by over 4-fold 59 ( Fig. 2C-F ). While simulations demonstrate a higher local SAR for an equal input power after RF shimming, the possibility of using 16 times less power to achieve the same average B 1 þ more than compensates by greatly increasing the SAR efficiency (B 1 þ /SAR 0.5 ). Therefore, while the primary benefit of local B 1 þ shimming in the prostate through transmit phase optimization is an increase in transmit efficiency, homogeneity and SAR efficiency also improve. It must be emphasized that, in the absence of RF shimming, performing the desired imaging studies on the initial 7T system, which were driven by single 8 kW RF amplifiers, would not have been possible. Although these initial studies were promising, limitations remained. Limited peak B 1 þ reduced the ability to image larger subjects, while poor SAR efficiency reduced the number of slices obtainable when acquiring T2w anatomic images. An alternative strategy to address the limitations of T2w imaging in the prostate at 7T was demonstrated by Maas et al, 101 where they prolonged RF pulses and used VERSE to reduce the peak power and SAR with the possibility of increased blurring due to the prolonged echo spacing of the refocusing pulses. Other strategies required progress on the hardware front. Further developments in RF coils paralleled the development of pTx systems and acquisition strategies to help overcome the limitations.
Body RF Coils
Most of the external RF arrays for imaging the prostate are well suited for imaging other anatomies in the torso. However, the prostate is an ideal target to evaluate coil performance because of its relatively small size and central location, which requires only the most basic RF shimming methods. In addition, it is impacted less from physiologic motion compared with other organs in the torso, which allows quantitative B 1 þ mapping to be performed. Therefore, using the prostate as the anatomical target, several general torso imaging arrays are presented in this section.
A 16-channel stripline array was developed 54 and used on a pTx-v1 system with sixteen 1 kW transmit channels 39 ( Fig. 7A) . Compared with an 8-channel version of the coil, the increased element count and density increased the transmit and receive performance by 22% along with improved parallel imaging performance, providing sufficient transmit and SAR efficiency to perform many of the acquisitions required in a clinical examination. However, increased element density came at the expense of complexity including the need for decoupling capacitors on both the conductor and ground planes due to the close element spacing. Usability of this array was somewhat limited due to its weight, rigid structure, and the necessity to manually tune and match the elements on each subject.
An 8-channel array comprising a center-fed microstripline resonator with meanders was introduced by Orzada et al. 37 The use of air as a dielectric rather than a polytetrafluoroethylene (PTFE) block greatly reduced the weight of each element. Using this array, a multireader study looking at anatomic T2w image quality in patients reported ''satisfactory'' to ''good'' ratings for image quality and in the identification of anatomic structures. In 17 patients, pathologically confirmed prostate cancer was identified on pre-surgical T2w TSE imaging including 20 slices acquired in $2 minutes with a resolution of 0.75 Â 0.75 Â 3 mm 3 . 102 This coil was also used in the work presented in Fig. 5 and has the advantage of not requiring subject-specific tuning and matching.
Dipole antenna arrays were introduced by Raaijmakers et al 38 for prostate imaging. Subsequently, meanders were added to improve SAR efficiency by 50% without compromising B 1 þ efficiency. The average B 1 þ in prostates between 12 and18 mT was obtained for volunteers imaged on pTx-v1 systems with 8x2 kW amplifiers 45 ( Fig. 7B) . In general, dipole antenna elements have favorable characteristics for body imaging such as improved B 1 þ efficiency at greater depths and more uniform transmit-receive profiles compared with striplines or loops. 103 Practical advantage of the fractionated dipole array compared with the original stripline elements and similar to the meander striplines are the flexible housing and its lower Q thus obviating the need for subject-specific tuning and matching to maintain acceptable performance. An 8-channel fractionated dipole transceiver array with an integrated 16-channel loop receiver demonstrated a 1.7 to 2.8-fold increase in SNR compared with the same individuals observed on a 3T with a commercial body array coil. 43, 104 Along with increased SNR, lesion contrast to noise also increased in the patients studied.
On receive, geometrically decoupled loops and dipoles have been shown to increase the SNR in the head 105, 106 and later in the prostate. 104 On transmit, the benefits of the combination have been explored with a 16-channel combined loop-dipole transceiver array (16LD) 46 ( Fig. 7C) . Experimental results demonstrated that the 16LD had more than 20% higher SNR and B 1 þ transmit efficiency than both the previously detailed 16-channel stripline and a 10-channel version of the fractionated dipole array. 107 The 16LD is a preferable way of increasing channel count and element density as compared to the earlier 16-channel stripline array. The loops and dipoles of the 16LD are geometrically decoupled eliminating the need for active decoupling. In addition, the performance of the 16LD performed well at multiple locations and on subjects with various sizes without the need for subject-dependent tuning and matching just as with the microstripline with meanders 37 and the fractionated dipole. 45 Maintaining this characteristic as a plug-n-play coil is critical for clinical applications.
Endorectal Coils
The development of prostate imaging at 7T has followed a similar path as lower field strengths involving both surface arrays and endorectal coils (ERCs). The ERC needs to be a transceiver if used without a body transmit coil. Initial safety testing of a transceiver ERC was validated with EM simulations, electric field probe measurements, and thermometry to ensure that surface temperatures did not exceed safety guidelines. 108 Although performing imaging with a transceiver ERC is difficult because of the intense B 1 þ inhomogeneity, it has been demonstrated quite useful in spectroscopy FIGURE 7 . Body array comparison with representative T2w TSE anatomic images. A 16-channel micro-stripline (16ML) with 8 anterior and 8 posterior and capacitive decoupling between adjacent ground planes and conductors (A). Rods attached to variable capacitors are seen for subjectspecific tuning and matching. Ten-channel fractionated dipole antenna (10DA) array with 6 anterior and 4 posterior elements (B). Sixteen-channel loop-dipole array with 8 fractionated dipoles and centrally geometrically decoupled loops (C). All coils had similar circumferential coverage with their relative spacing to the nearest neighbor dictated by design. The relative performance of these 3 arrays with respect to (D) transmit efficiency and (E) SNR in the target anatomy of the prostate are shown versus men with increasing size. The combination of loop dipole-coil presented with improved SNR and transmit efficiency. The uniform cross-sectional images produced by 10DA highlight the benefits of this resonant structure for body imaging in general. While overflipping is more pronounced with the 16LD due to the inclusion of loop elements on transmit (yellow arrow), the characteristically high B 1 þ gradient is more prevalent with the 16ML (red arrows).
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acquisitions where the high peak B 1 þ generated with excellent SAR efficiency can be used along with adiabatic localization strategies.
Due to the inhomogeneity on transmit and the desire to optimize SNR, the ERC was also investigated in comparison to and in combination with an external surface array as a receive-only coil. 54 A study using a similar receive-only balloon-type ERC for reception was used with the 8-channel meander external array for transmit. This configuration demonstrated the performance of a multiparametric MRI protocol including anatomic T2W, DWI, and spectroscopy in 14 patients with biopsy-proven prostate cancer. 109 Highresolution anatomic imaging was achieved with 0.3 Â 0.3 Â 2 mm 3 resolutions in 2:59 for 29 slices. Multishot diffusion was acquired with the highest resolution of 1.4 Â 1.4 Â 2 mm 3 in a scan time of 4:22 for 22 slices. It was concluded that high-resolution anatomic imaging and acceptable DWI could be acquired in clinically acceptable acquisition times; however, the robustness of the techniques needed to be improved.
Multichannel ERCs have also been evaluated with improved management of B 1 þ and increase receive sensitivity. A balloon-type coil, which pairs a loop with a strip-line element 110 and a 2-loop design in a solid, sterilizable reusable housing, provided more than 4-fold SNR gain in the prostate. 111 Imaging results using the multichannel ERC with an external transmitter were possible by incorporating detuning circuitry. 112 By transmitting with a 16-channel loop-dipole array and combining with the 2-channel solid ERC, high-quality anatomic and functional imaging data were obtained (Fig. 8) .
Spectroscopy in the Prostate
Three primary strategies have been used for performing proton spectroscopic imaging in the prostate. The initial 1 H spectroscopic imaging studies in the prostate at 7T made use of the increased transmit B 1 þ field of a transceiver ERC.
113
A semi-LASER sequence provided spatial localization with a chemically shift selective refocusing pulses optimized for water a lipid suppression, also referred to as MEGA. 114 High-quality spectra were obtained with echo times of 56 ms and a repetition time of 2 seconds. The B 1 þ sensitive slice selection RF pulses of semi-LASER was run parallel to the ERC, while a pairs of adiabatic pulses provided high bandwidth refocusing minimizing both the effects of the inhomogeneous B 1 þ and of chemical shift artifacts. The inter-pulse timing of the sequence was later modified to accommodate more selective MEGA pulses for improved decoupling of the 1.8 and 2.1 ppm protons of the polyamines while also providing an absorptive citrate spectrum. 115 Subsequent studies with the 2-channel balloon-type ERC introduced above enabled full adiabatic localization due to improved SAR efficiency. 110 The coil could generate a B 1 þ of at least 20 mT at a depth of 3.5 cm into the prostate where the duty cycle could be increased 4-fold compared with an ERC with a single loop.
When using the surface array for transmit, the semi-LASER sequence was found to exceed SAR limits. Therefore, a double-spin echo sequence with optimized spatial-spectral refocusing pulses was designed. This sequence, which no longer employed adiabatic pulses due to a relatively homogeneous B 1 þ or the surface transmitter, allowed 1 H spectroscopic imaging to be performed in the prostate with an 8-channel external array on transmit using a receive-only ERC for reception. 37, 116 The improved quantification of metabolites due to increased spectral dispersion and SNR observed in the brain is also relevant for studies in the torso. 5 To investigate the benefits in prostate spectroscopy, simulated and acquired data were evaluated by fitting with LC-Model. Data were acquired with a 16-channel stripline transceiver array combined with a single-channel balloon-type ERC on receive. It was demonstrated that improved delineation between overlapping metabolites is possible at higher fields as indicated by improved Cramer-Rao lower bounds (CRLB) and reduced correlation coefficients (CCs) between peaks 6 (Fig. 9) . The increased spectral dispersion, especially for choline and creatine which overlap with the strongly coupled spermine signal, greatly benefit from quantification at increased field strength. The ability to individually quantify these metabolites may prove clinically relevant. For example, HRMAS data from Swanson et al 117 demonstrate that the polyamine resonance was the most correlated with cancer aggressiveness. Maintaining spectral quality is imperative to realizing the benefits in spectral quantification. 
Contrast Studies in the Prostate
Dynamic contrast enhanced imaging is one of the 3 main imaging methods used in PI-RADS. To date, only a few studies have investigated the performance of DCE-MRI in the prostate at 7T. A typical acquisition requires a bolus injection of contrast followed by a time-resolved 3D GRE acquisition where volumes are acquired as rapidly as possible. A tradeoff of resolution for speed provides higher temporal resolution providing for improved assessment of first pass kinetics and pharmacokinetic modeling. The bolus injection of contrast results in short-lived but high concentrations of Gadolinium in the blood resulting in T2 Ã values approaching 1 ms. Measuring the arterial input function in such cases becomes impossible unless the T2 Ã can be corrected 118 ( Fig. 6B,C) . While the impact is greatest in the vessels where Gadolinium concentrations are the highest, T2
Ã signal loss in tissue should be accounted for to avoid the underestimation of pharmacokinetic parameters. 118 Alternatively, imaging acquisitions using ultra-short echo times can effectively minimize the effect of T2 Ã shortening.
119,120
CARDIOVASCULAR Overview
MRI of the cardiovascular system has proven to be a powerful noninvasive tool providing a wealth of information for the assessment of structure and function, blood flow, tissue perfusion, and viability. The previously mentioned challenges of UHF imaging in the torso are compounded in the heart because of cardiac and respiratory motion. While the potential advantages of UHF-MRI in cardiovascular imaging have been expertly detailed in previous reviews, [27] [28] [29] 121 this section will focus primarily on detailing the evolution of specific critical technologies, hardware, and acquisition methods necessary to achieve the promised advantages of UHF in this anatomy focusing on functional imaging, coronary magnetic resonance angiography, and 4D-flow studies. Other clinically relevant acquisitions that have been adapted for UHF but will not be further covered include T1 measurements in the presence of incomplete inversion, 122 tailored shimming and acquisition techniques for T2 Ã mapping, 123, 124 and first-pass myocardical perfusion imaging using improved saturation-based methods. 125 
Physiologic Motion
For many cardiovascular applications, there is a need to measure data over several cardiac and respiratory cycles requiring accurate triggering or gating during data acquisition. The primary feature in the cardiac heartbeat used for cardiac triggering is the R-wave as determined by an electrocardiographic (ECG) recording of the heart beat through multiple leads placed on the chest wall. The challenges of using ECG in MRI are the potential for heating of the electrodes, gradient-induced noise in the leads, and the MHD effect, which generates Hall Effect voltages as a result of blood, a conductive fluid, passing through a magnetic field. 126 The MHD effect and other artifacts in the ECG trace reduce the ability to reliably identify the Rwave even when using a vector ECG (VCG), which includes associated algorithms for processing multidimensional traces. 127, 128 Alternative strategies of triggering have been developed that avoid the artifacts present in a typical VCG. The first is the acoustic cardiac trigger (ACT), which uses a phonocardiograph for detecting the onset of the first heart tone. 129 This method uses an MR-compatible stethoscope, is not influenced by the MHD effect, and is free from artifacts due to the EM fields. It was demonstrated that the ACT had favorable characteristics compared with ECG, as it had less jitter in Rwave determination but it had increased latency of 35 ms. 130 While shown to be robust for prospective triggering and retrospective gating, the latency may be detrimental for some applications.
Several methods have also been proposed for gating without the need for additional hardware to be placed on the subject. The first it the pilot tone (PT) approach originally presented for respiratory gating 131 and then for cardiac gating 132 applications. The PT uses a signal generator to produce small amplitude PT signal outside the frequency band of the MR signal but inside the received frequency band. Modulation of the PT signal is used to characterize respiratory and cardiac motion. Another approach requires no additional hardware and involves the evaluation of the RF scattering of a parallel transmit coil to track diaphragm position 133 or cardiac phase. 134 For cardiac acquisitions, the VCG and ACTallow for prospective triggering of sequences, while these alternative methods are appropriate for gating, which could be used as an alternative for self-gating when non-radial acquisitions are desired.
Target-Specific Shimming
Although initial 7T cardiac studies of the heart used anteriorly placed quadrature loop coils, it has been shown that multichannel transceiver arrays are necessary to explore the full potential of UHF. Depending on the RF coils and transmit hardware available, different B 1 þ management strategies have been employed to effectively use these multiple-channel arrays. The methods that worked effectively in the prostate, most typically an efficiency phase shim, are not sufficient in the heart, as it is a much larger organ and is more asymmetrically positioned in the body. Although many cardiac studies have used static RF shimming solutions optimized to obtain a homogeneous B 1 þ from either EM simulations 135 or subject-specific calibration, 136 dynamic RF shimming has demonstrated improved homogeneity while decreasing overall RF energy deposition. 66 By obtaining rapid calibration data using the low flip angle approximation approach for B 1 þ 62,137 and rapid B 0 maps with cardiac triggering and breath-holding, Schmitter et al 66 compared a 2-spoke RF pulse against a static RF shim (ie, 1-spoke solution). For a given field nonuniformity (coefficient of variation, CV), the 2-spoke solution provided a reduction of total RF energy by over 50% averaged over multiple imaging orientations. To create a more robust solution less sensitive to respiration effects, calibration data were acquired at multiple respiratory positions and used as virtual slices for pulse optimization. 21 Further extending these methods, multispoke pTx dynamic RF shimming was combined with simultaneous multislice (SMS) methods demonstrating it as a viable approach to uniformly acquiring and accelerating the acquisition of functional cardiac data at UHF. 65 
Functional Cardiac Applications
A staple in the cardiac MR (CMR) evaluation of heart function involves CINE imaging where the highly choreographed contraction of the heart's chambers is captured in multiple frames across the cardiac cycle. The segmented data acquired across several heart beats require accurate timing either through prospective triggering or retrospective gating using one of the triggering/gating methods mentioned above. High contrast is desired between the myocardium and the blood pool allowing important metrics to be easily calculated such as the cardiac output and ejection fraction. Although there is high satisfaction with balanced steady-state free precession (SSFP) acquisitions to provide this contrast at 1.5T, the ability to acquired CINEs was a necessary entry point for UHF CMR explorations, which typically can involve the assessment of function, perfusion, and tissue viability. CINE acquisitions are often used to evaluate the performance of UHF RF coils for cardiac imaging with the metric of success being the ability to obtain higher resolution data more rapidly in fewer breath holds or during free breathing.
Before further advancing the field, comparisons between 1.5T and 3.0T were made against 7T with respect to standard diagnostic metrics derived from functional imaging studies. It was shown in multiple reports that the stroke volumes, cardiac mass, and multiple other parameters were similar at all field strengths in the left ventricle 65, 136, [138] [139] [140] and right ventricle 140 opening the doors to pursue other studies in the heart. Each successive study added more complex hardware including RF coils and transmit chain architectures, but the results were similar. One conclusion based on the later studies was that the contrast achievable at 1.5T with a SSFP acquisition was obtainable with a T1w GRE at 7T. 136, 139 Although it was demonstrated that an SSFP can be acquired at 7T, it was difficult to implement within SAR constraints 136 ( Fig. 10) . A later study investigating patients with hypertrophic cardiomyopathy (HCM) demonstrated subtle morphological details on CINE imaging at 7T, which correlated with regions of extended hypertrophy and fibrosis identified on late gadolinium enhancement studies performed at 3T. 141 
Cardiac-Specific RF Coils
Although some of the cardiac imaging evaluations have been successfully performed with relatively simple RF coils, imaging studies seeking increased parallel imaging performance, improved management of B 1 þ , and increased SNR and contrast homogeneity have developed and deployed RF arrays with increasing numbers of channels. 34,40,41,44,49,142 -144 Depictions of these arrays and results obtained from them are provided (Fig. 11) .
A series of transceiver loop arrays with 4, 8, and 16 elements, with adjacent loops sharing a common conductor, were constructed and compared for UHF CMR. 40, 143 The 16-channel array was the only iteration with elements distributed along the foot-head dimension and consisted of 2 Â 4 elements both anterior and posterior. These configurations were evaluated using a single 8 kW RF amplifier driven through a splitter where RF phase shimming was employed based on calculations determined from EM simulations. 135 The 16-channel array had the highest image quality ratings and best parallel imaging performance, while both the 8-channel and 16-channel arrays were reported to produce diagnostic quality images.
Increased functionality was proposed in the form of a 32-channel modular coil array comprised of 8 independent building blocks conforming to the chest wall, with each block containing 4 transceiver loop elements (Fig. 11A) . 41 An EM simulation based phase shimming optimizing homogeneity was applied which decreased transmit efficiency to 30% of that obtained with a CPlike mode. Along with supporting a 1-dimensional parallel imaging reduction factor of 4, cine imaging with 1.1 Â 1.1 Â 2.5 mm 3 is 6-fold better than standard cine protocols at 1.5T.
A 16-channel bow tie dipole antenna array arranged in 2 rows was shown to improve parallel imaging performance, CNR, and SNR compared with the 32-channel array (Fig. 11B) . 44 While the form factor of this coil is somewhat bulky due to the D 2 O-filled containers used to shorten element lengths, it remains somewhat flexible to conform to the chest wall. The characteristic transmit and receive profile of a dipole is very beneficial for cardiac imaging, as the transmit efficiency and sensitivity are lower at the surface and higher in deeper structures than loops, 45 therefore providing better field uniformity in this anteriorly positioned organ. It was reported that the gains in sensitivity allowed CINE acquisitions of 0.8 Â 0.8 Â 2.5 mm 3 , which is 12-fold better than protocols used in clinical practice at 1.5T. These reported gains in resolution mirror the theoretical gains in sensitivity expected when progressing from 1.5 to 7T 1 . Although it is difficult to make a direct comparison in performance with the other arrays detailed in this section, several RF arrays to enhance transmit and receive performance with multiple different resonance structures have been presented. The loop-dipole transceiver array characterized above in the prostate section has been used in a variety of cardiovascular applications 46 (Fig. 11E) . Then, there are 2 arrays that have loop-receiver arrays separate from the transmit elements. First is a cardiac-specific version of the 8-channel fractionated dipole with a 16-channel loop receiver (Fig. 11C) . 49 By the addition of the 16 loops to the 8-channel dipole transceiver array, the SNR was increased 50% as in the previously reported prostate studies. 104 Second, is the array presented by Rietsch et al, 48 which, similar to the previous coil, consists of 8 blocks where each block is comprised of a meander transceiver and 3 receiveonly loop elements (ie, 8Tx/32Rx) (Fig. 11D) .
Coronary Magnetic Resonance Angiography (CMRA)
The potential of increased SNR, improved in-flow contrast, and increased acquisition speeds motivate the exploration of coronary artery imaging at UHF. At clinical field strengths (ie, 1.5 and 3.0T), acquisition methods developed to optimize CMRA contrast, resolution, and coverage cannot compete with the resolution and speed of computed tomography angiography (CTA). With the increased SNR and CNR at UHF, CMRA may be able to approach CTA resolutions while not requiring the use of contrast agents or ionizing radiation. The clinical motivation is to provide a sensitive diagnostic tool to detect and evaluate coronary artery stenosis and evaluate anomalous vessels.
Performing noncontrast right coronary artery (RCA) CMRA at 7T has been shown to improve the SNR, contrast to noise ratio (CNR), and vessel sharpness compared with 3T. Initial studies demonstrated this advantage using a targeted 3D turbo-FLASH (TFL) acquisition with an adiabatic spectrally selective RF pre-pulse (SPAIR) for lipid suppression 145, 146 (Fig. 12) . Bizino et al 147 pushed the resolution in CMRA to find that acquired resolutions of 0.45 Â 0.45 Â 1.2 were possible in the RCA and that the SNR dropped less than expected compared with a lower resolution acquisition. These initial studies made use of a quadrature transceiver loop coil, which had limited penetration into the chest. This RF coil was sufficient to image the RCA, which projects anteriorly from the aortic root and runs close to the chest wall.
To image the left coronary artery (LCA), better RF penetration and efficiency deep in the chest cavity were required. To address the challenge of low peak B 1 þ and the known challenge of B 1 þ inhomogeneity at 7T, multiple optimized B 1 þ shimming solutions within a single acquisition sequence were employed using a multichannel surface array coil. 22 The dynamically applied static shim solutions allowed for RF pulses within the sequence to be optimized not only in terms of their cost function but also in terms of their location. For these free-breathing acquisitions, a navigator is typically positioned on the diaphragm to both gate and track the acquisitions. For the navigator, the RF shimming was performed on a small region of the liver just inferior to the lung-liver interface optimized for efficiency providing a robust navigator signal (Fig. 13) . A second ROI over the heart was used to optimize RF for lipid FIGURE 13. Dynamically applied RF shimming was used to improve performance of CMRA and 4D-flow imaging at 7T. In these sequences, high transmit efficiency was needed for the navigator to ensure a robust signal and sharp lung-liver interface for gating and tracking. Single breath-hold coronal calibration data were acquired for optimization in a target region located in the liver (white box). The fractional available B 1 þ (A) before and (B) after RF shimming show the high efficiency of phase-only static B 1 þ shimming for a small localized region. After RF shimming, a robust navigator signal can be obtained (C).
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suppression and the excitation of the GRE readout for various solutions trading off efficiency for homogeneity (Fig. 14) . This strategy allowed the LCA to be imaged at 7T with similar contrast to that achieved in the RCA albeit with lower SNR due to the increased distance of the LCA from the RF coil. These acquisitions were acquired with a resolution of 0.8 Â 0.8 Â 2 mm 3 . As opposed to the RCA where it suffices to suppress epicardial fat, imaging the LCA has typically required a T2 magnetization preparation (T2-prep) to suppress the background myocardial signal. At 3T, it was required to make the T2-prep adiabatic versions to address B 1 þ inhomogeneities, but a similar strategy at 7T is impractical due to SAR limitations. 148 Further studies are needed to evaluate the relative performance of LCA visualization at 7T in comparison to 3T given these practical considerations; however, studies to date have been performed without any specific attempts to suppress the background myocardial signals.
Another option for CMRA includes the whole-heart acquisitions with or without contrast. The previous examples focused on smaller volume 3D acquisitions targeting sections of the left and/or right coronary arteries. Contrast-enhanced CMRA using blood pool agents has been shown to be an option for obtaining high fidelity whole heart CMRA at 3T using self-gated acquisitions. Such methods may also be promising at UHF. A preliminary study demonstrating contrast-enhanced MRA at 7T using self-gated UTE acquisition to minimize T2 Ã effects has shown the feasibility of this strategy.
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4D Flow
Four-dimensional flow (4D Flow) refers to a time-resolved 3D GRE acquisition that provides phase-encoded velocity vectors in 3 directions allowing the spatiotemporal evaluation of blood flow. Its application in the aorta is promising for investigating changes in hemodynamics associated with aortic pathologies such as aortic valve disease, aneurysms, or dissections. 12 Limitations to its clinical application result from long acquisition times, partial volume effects, and compromised temporal resolution. These limitations can be addressed by exploiting the increased SNR of 7T where Hess et al 11, reported a 1.8-fold and 2.2-fold increase in SNR at 7T compared with 3T with and without contrast, respectively. 12 This study employed an 8-channel transceiver stripline array on a pTx-v1 system at 7T. A dynamically applied static B 1 þ shim, similar to that used to acquire the LCA CMRA acquisitions, was detailed above. Two calibration scans were used to target 2 ROIs for shimming, one for the navigator at the lung-liver interface, and the other for the aorta. Both regions were optimized to maximize the minimum B 1 þ . A second study conducted by Schmitter et al 149 focused on improving resolution and accelerating 4D flow acquisitions. In comparison to typical acquisitions of 2 to 3 mm in each direction, a resolution of 1.2 mm isotropic was possible with a 4.3-fold acceleration using kt-GRAPPA for an acquisition time of 11 minutes. Improved estimation of blood flow velocity and wall shear stress results from greater temporal and spatial resolutions. This study was performed with a 16-channel stripline array and a similar dynamically applied static shimming strategy as detailed above. With the availability of newer generation RF coils with improved receive sensitivity and coverage 44, 46, 48, 49 along with spoke pulses to better tailor the available transmit fields, further improvements of 4D flow in the great vessels are anticipated with resolutions potentially providing access to smaller vessels in the heart and torso.
RENAL IMAGING
The potential role of UHF MRI in probing the anatomy and function of the kidneys has been previously described in the review by de Boer et al. 8 The noninvasive assessment of the kidneys has demonstrated clinical impact in assessing renal tumors, renal transplants, renal artery stenosis, acute kidney disease, and chronic kidney disease. Exploring the potential advantages of UHF in assessing the kidneys starts with the evaluation of basic hardware, acquisition methods, and validation studies, which have been the focus of the field to date. Beyond the methods detailed below, further developments in functional studies including blood oxygen level dependent (BOLD) contrast with sensitivity to changes in blood flow and oxygenation have increased potential at UHF but require further development.
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Target-Specific Shimming
The native kidneys represent a unique target compared with the prostate and heart in terms of the challenges related to RF shimming. The kidneys, which are a bilateral structure sitting posterior in the torso, exhibit field inhomogeneities similar to the heart while also exhibiting deeper structure such as the descending aorta and origin of the renal arteries similar to the prostate. Multiple RF shimming strategies described above can be used depending on the RF pulses requirements in terms of RF homogeneity, efficiency, and spatial coverage. For general imaging of the overall anatomy, static B 1 þ shimming solutions are viable options if tailored to the kidneys or vessels, but it can also benefit from uniform cross-sectional imaging strategies aided by methods such as TIAMO.
Initial Studies
The first studies to explore renal anatomic and DCE-MRI at 7T were performed by Umutlu et al. 152, 153 It was shown that GRE acquisitions with T1w contrast could depict anatomic structures and vasculature of the kidneys. However, T2w turbo spin echo (TSE) imaging suffered from a low and inhomogeneous B 1 þ . 152 The same group later demonstrated the feasibility of DCE-MRI studies in the kidneys at 7T with a series of 3 images acquired post contrast to capture the arterial, venous, and post contrast phases. 153 These studies were acquired with an 8-channel transceiver array 37 using phase-based shimming with preset transmit modes for axial (CPþ; 908 between channels) and coronal (CP; 458 between channels) acquisitions. It was noted that improvements in RF hardware and management were required to fully explore UHF renal studies.
Renal MRA
Renal vascular imaging has also been demonstrated at 7T in several studies both with and without exogenous contrast. 10, [154] [155] [156] One study demonstrated that first pass contrast-enhanced renal MRA was feasible and provided improved SNR and CNR compared with noncontrast 3D T1w GRE acquisition when using the standard dose of Gd contrast agents of 0.1 mmol/kg bodyweight. 154 In subsequent studies, it was demonstrated that MRA studies using a quarter dose are diagnostic at 7T, although half and full dose studies provide better and near equivalent vessel visualization especially with the extra and intraparenchymal segmental arteries 156 (Fig. 15A) . Various strategies have been demonstrated for noncontrastenhanced renal MRA. 10, 155 Although low-dose contrast enhanced options are feasible, noncontrast imaging methods are highly desired for patients with renal insufficiency or when repeat scans are needed. Umutlu et al 155 compared a series of breathold acquisitions, including 2D T1w GRE, 3D T1w GRE, and time of flight (TOF) acquisitions. The 2D GRE and TOF acquisitions outperformed the 3D GRE both quantitatively and qualitatively. Meanwhile, TOF had the best background suppression and CNR but at the noted expense of venous signal contamination (Fig. 15B) . In a subsequent study by Laader et al, 157 it was reported that TOF quantitatively outperformed lowdose CE renal MRA.
An alternative free-breathing renal MRA approach involves lipid suppression and magnetization preparation to suppress background signals. 10 Although the previous studies made use of an 8-channel transceiver array and standard transmit modes providing minimal B 1 þ inhomogeneities, the noncontrast free-breathing renal angiography study used a 16-channel transceiver array with dynamically applied static RF shimming using a pTx-v1 system. The noncontrast MRA sequence included an adiabatic inversion pulse to suppress the kidney parenchyma followed by lipid suppression and a small flip-angle GRE readout. To perform RF shimming, a calibration scan was performed with 3 slices through the kidneys. One ROI was drawn around the kidneys alone to determine an efficient solution for use with the adiabatic inversion. This pulse requires a relatively high peak B 1 þ while being relatively B 1 þ insensitive. The second ROI contained the kidneys and renal arteries in order to target a less efficient but more homogeneous RF shim. The homogeneous solution was used for the GRE readout as these pulses have much lower power requirements and it is the signal generated from this excitation that will determine the uniformity of the vessels in the final image. Acquisitions were acquired in <10 minutes at a resolution of 1.0 to 1.2 mm isotropic with respiratory triggering using a standard monitoring belt (Fig. 15C) . In addition to the increased SNR at 7T, the longer T1 of the parenchyma prolongs the inversion time for parenchymal suppression allowing for increased filling of the vasculature compared with lower field strengths. The potential benefits include improved visualization of the first-and second-order branches as well as more distal arteries compared with lower field strengths and contrast-enhanced acquisitions.
Relaxometry
Knowledge of the renal relaxation rates is beneficial for sequence optimization, as a baseline for assessing disease state and as prior knowledge when estimating renal perfusion from ASL data. A single breath-hold relaxometry study, comparing the T1 and T2 in the renal cortex and medulla, was conducted by Li et al 9 using a single-shot magnetization-prepared fast spin echo (ss-FSE) acquisition. For T1 mapping, an adiabatic inversion pulse was applied with varying delays. For T2 mapping, a Carr-Purcell-Meiboom-Gill (CPMG) style refocused pulse train of varying lengths was utilized. To most effectively use the available B 1 þ , static RF shimming was focused on an axial slice of a single kidney optimized to balance B 1 þ homogeneity and RF efficiency. The acquisitions were accomplished with a 16-channel stripline array coil on a pTx-v1 system at 7T. In the cortex, T1 values increased from 1261 to 1647 ms and T2 values decreased from 128 to 107 ms in the cortex at 3T and 7T, respectively. In the medulla, T1 values increased from 1676 to 2092 ms and T2 values decreased from 128 to 124 ms at 3T and 7T, respectively.
ARTERIAL SPIN LABELING
Arterial spin labeling is an MRI technique to measure perfusion without the need for exogenous contrast agents. Instead, RF-labeled water in upstream blood is used as a freely diffusible tracer. Experiments are run with and without labeling and the difference images are processed with kinetic models to derive blood flow. The increased SNR and prolonged T1 of 7T can benefit ASL studies by improving the achievable resolution, decreasing the required acquisition time, and permitting longer post bolus delay times as needed in organs with long arterial transit times or for reducing intravascular effects.
In the kidney, a flow-sensitive alternating inversion recovery (FAIR) method was employed for ASL perfusion imaging of the kidney at 7T. 71 The acquisition consisted of FAIR preparation followed by a single-shot fast spin echo (ss-FSE) readout. The FAIR ss-FSE sequence consists of a pre-saturation RF pulse targeting the location and extent of the oblique coronal imaging slice followed by an inversion RF pulse centered on the coronal imaging slice but alternating between a narrow slab covering the imaging slice or a lager slab including the feeding vessels. A 2-solution dynamically applied RF shimming strategy was implemented for the management of B 1 þ . In this study, a multi-delay study was performed to determine the temporal bolus needed for the more time-efficient single subtraction study and to validate the single subtraction study results. The temporal bolus width at 7T of 600 ms was shorter than that at 3T. The difference results from the fact that the 3T system uses a whole-body transmitter and at 7T we have local transceiver arrays, thus a smaller fraction of the blood pool is labeled at 7T. Because of the longer T1 of blood at UHF, the total post bolus delay could be set at 1200 ms to minimize intravascular effects. Quantitative renal blood perfusion was possible with the proposed methods within SAR limits in a single breath-hold. Further studies have shown that 7T is superior to 3T for renal perfusion imaging using a similar approach 158 ( Fig. 16) . Along with prolonged repetitions times of 4 seconds, other management strategies to decrease local SAR included variable-rate selective excitation (VERSE) pulses for excitation, 159 hyperechoes for the FSE readout, 160 and gradient offset independent adiabatic (GOIA) 161 pulses for label and control inversions. Similar acquisition and RF management strategies have been applied in preliminary ASL studies in the heart 162 at 7T. For the heart, there was the additional challenge of cardiac triggering, but the TSE readout helped to minimize the deleterious effects of an inhomogeneous and time-varying B 0 . In comparison to 3T, the 7T cardiac ASL had a consistent increase in perfusion SNR. For the prostate, the long arterial transit times require a long post bolus delay, which is supported by the persistent labeling present due to the prolonged T1 at 7T. Combined with appropriate B 1 þ shimming strategies, prostate ASL imaging at 7T has been previously demonstrated 163 ( Fig. 17) .
ABDOMINAL IMAGING Liver
Dynamic contrast enhanced hepatic MRI has been a powerful technique for evaluation of liver disease and assessment of liver vessel pathologies. Initial contrast-enhanced liver MRI studies at 7T provided high-quality T1-weighted images; however, T2-weighted imaging was compromised by severe B 1 þ nonuniformities. 164, 165 Noncontrast imaging at of the hepatic arterial vasculature was also successfully demonstrated, capitalizing on the hyperintense vessel signals at 7T. 165 In a study by Laader et al, 166 1.5, 3, and 7T MRI were compared in 10 healthy subjects demonstrating higher spatial resolution for nonenhanced vessel imaging at 7T, but inferior T2-weighted acquisitions. While demonstrating the promise of UHF liver imaging, RF was transmitted through a multichannel transceiver array with a fixed transmit mode as opposed to subject-specific or target-specific RF shimming.
As the liver is the largest parenchymal organ in the torso, achieving a uniform B 1 þ distribution in the entire organ is challenging due to its size and relatively high relative permittivity (e r > 50). Static RF shimming approaches are found to be insufficient to uniformly image this anatomical target. Employing strategies such as TIAMO or dynamic RF shimming strategies may greatly improve the applications that can be performed at 7T in the liver. For example, uniform liver imaging was demonstrated by Wu et al 64 utilizing multi-spoke excitation pulses (Fig. 3) .
Other Anatomies
The SNR of a monopole antenna increases quadratically with B 0 , 167 making it an attractive minimally invasive receiver option to boost SNR at UHF. Hoogendam et al 168 employed an endorectal monopole antenna in combination with an external surface array to perform cervical MRI at 7T. Follow-up work by Arteaga de Castro et al 169 obtained lipid profiles in cervical carcinomas with 1H MRS and demonstrated that 2.1 ppm/1.3 ppm fatty acid ratio might be associated with tumor grade. Initial 7T small bowel imaging studies were performed in a comparative manner against clinical 1.5T MRI. Initial T1-weighted þ shimming strategies: strategy 1) using a single B 1 þ shim optimized for efficiency on the prostate, and strategy 2) using multiple dynamically applied B1 shimming solutions for different RF components. and noncontrast-enhanced 7T MRI demonstrated comparable imaging performance with 1.5T, 170, 171 while technical advances at 7T are needed to reach its full potential.
DISCUSSION
This review covers specific historical aspects of proton torso imaging and spectroscopy at UHF with a primary focus on the technological developments that have allowed multiple applications to be explored. This is by no means a comprehensive review of all aspects of UHF body imaging below the head. Significant advances in breast and musculoskeletal applications will be the subject of dedicated reviews. Multinuclear applications are also not covered however, it is widely understood that the increased sensitivity at UHF is critical for the expanded utility of sodium, phosphorus, and other nuclei. These low-gamma nuclei do not have the same issues as protons due to the fact their wavelengths are much longer by comparison. At the same time, deploying acquisition resources for these nuclei involves a different set of technical challenges that warrant dedicated coverage.
Transmit Chain
The increased degrees of freedom afforded by multichannel transmit coils and pTx-v2 systems not only present a unique opportunity to overcome many challenges at UHF but also contribute to its complexity. While representing a critical first step demonstrating the highly promising potential of pTX, the first-generation pTx-v2 systems also suffered from issues arising in part from the challenging integration of 8 to 16 complete transmit chains, from the needs for updated imaging methods and new multichannel calibration resources, and from lingering limitations in realizing the performance advantages of real-time local SAR monitoring. Regarding more advanced systems, commercial options that are far more compact and integrated are already available and there is little doubt that they will be gradually adopted in the field. Driven by more integrated pTx systems, the acquisition methods will follow. Meanwhile, strategies to alleviate the bottleneck resulting from channel-dependent B 1 þ calibration are already being used in practice [61] [62] [63] 172 and newly proposed methods with advantages for body applications have been published. 173 As a way to limit the burden of acquiring subject/ target-specific calibration data, universal pulse strategies are also an option but have yet to be explored for applications outside the brain. 68, 69, 174 With respect to real-time local SAR monitoring, it is possible to design pulses, 175 sequences, 10, 74 and imaging sessions that purposefully reduce local SAR. Continued work is needed investigating the relevance of EM simulations performed in body models that do not match the specific subject being imaged. These studies are critical to help optimize limits on power deposition so that they are not overly conservative to the degree that the benefits of local SAR monitoring are lost.
Further developments of pTx-v2 systems and calibration methods will allow RF pulse optimization to perform local excitation as well as RF shimming. Multidimensional selective pulses can allow for reduced field of view imaging. Given the increased SNR at UHF, which supports higher resolutions, a way to decrease scan time is to reduce the effective FOV that needs to be encoded. Another advantage of exciting spins within a limited target anatomy is that artifacts resulting from motion of tissue beyond the region of interest can be reduced. An example of reduced FOV imaging has been demonstrated in the spine 176 and kidney at 7T. 177 
RF Shimming
The inherently contradictory goals of transmit efficiency and homogeneity make it challenging to simultaneously use the limited available RF power effectively when attempting to obtain highquality images while not exceeding local SAR limits. Compared with head applications where reasonable peak B 1 þ can be obtained, the limited peak achievable B 1 þ in body imaging at UHF has been, until now, a very serious limitation. As our understanding and implementation of real-time local SAR monitoring progresses, there will be more flexibility to utilize systems with higher total available RF power for these applications.
With current amplifier configurations and pTx-v1 systems, we are typically limited to 16 kW of total power in either 16 Â 1 kW or 8 Â 2 kW configurations, keeping in mind that about typically 50% of RF power is lost in the tens of meters of cable running between the RF amplifiers and the RF coil. RF shimming using these systems just barely provides the B 1 þ needed to acquire multiparametric data, including T2w FSE images, in the prostate using local transmit arrays. In larger anatomies, it was shown that image quality can be greatly compromised when a proper RF transmit chain, RF coil, and target-specific shimming are not used in concert. For more advanced applications, dynamically applied static RF shimming was critical to the methods success. It was important to use an efficiency solution to improve navigator performance in 4D-flow 12 and angiography studies 10, 22 and to maintain labeling efficiency in ASL studies 10,71 while using a more uniform B 1 þ in the imaging volume. As implemented, the calibration data needed to perform the RF shimming solutions involved 1 or 2 breath-holds. An obvious extension of this strategy would be to dynamically apply dynamic RF shims.
RF Coils
The presented studies have demonstrated that RF coils for imaging in the torso can greatly benefit from the flexibility of having multiple independent transmit channels to facilitate RF shimming and even more receiver channels for improved SNR and parallel imaging performance. Although promising developments in integrated whole-body transmitters are being achieved, 178 ,179 the complexity, expense, and increased total available power requirements of such systems will make local transmitters a preferred transmit configuration in many applications. On the receive side, receiveonly elements along with transceiver elements within a coil also appear to be the desired approach to maximize both transmit and receive performance. 49, 180 Coils with separate receivers have the potential to compete with coils optimized for receive that are typically used at lower field strengths. Without optimizing this aspect of performance, potential gains in terms of SNR may not be realized. The general torso arrays with several rows of receive-only elements along the foot-head direction 49, 180 and those cardiac specific arrays with similar distributions of transceiver elements along the z-axis 40, 41, 44 show great potential to further increase parallel imaging acceleration in multiple slice orientations.
Safety
Although not specific to the body, the need for extending access is critical to growth in the field. Providing safe options for individuals with metallic implants would be necessary. Reducing local SAR or heating around implants can be improved by using pTx to mitigate heating resulting from induced currents in conductive implants. [181] [182] [183] [184] It is worth noting that local transmit arrays may alleviate the risk of RF heating if the implanted device resides away from the imaging FOV (ie, outside the region of the body in which the majority of energy is being deposited). Large variations in transmit coils and shimming strategies employed in different UHF sites and their continuous evolution necessitate implanted device evaluation on a case-by-case basis to determine safe operating conditions based on coil design, transmit shim setting, scan location, and coil position. Initial reports on implant and tattoo safety and laboratory-specific experiences are important for establishing the new norms for imaging at UHF ( 26 , and references therein).
CONCLUSION
The iterative development of body imaging applications and the technology that makes it possible continue at 7T. Although the development of high field systems has been driven by applications focusing on neuroanatomy and function, the feasibility and advantages of imaging targets throughout the torso have already been demonstrated. Although some applications require rather complex hardware and optimization to perform, it is time to push the field forward by recognizing and exploring the potential benefit of performing these studies at 7T and higher. Acknowledging the benefit of UHF in research and clinical applications will drive further technological developments to streamline what are now complex and timeconsuming procedures. Advances will occur even more quickly if body imaging at 7T receives regulatory approval so that the exploration of clinical applications that benefit from UHF and the development of technology to make those explorations possible become mutually motivating.
